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HIGH LOADING, LOW SPEED FAN STUDY

V. FINAL REPORT

BY

M.J. Keenan and E.A. Burdsall

Pratt & Whitney Aircraft Division

United Aircraft Corporation

SUMMARY

A program was conducted for the purpose of evaluating the performance characteristics of
a low tip-speed, single-stage fan that would be applicable to low-noise turbofan engines and
to demonstrate acceptable efficiency, pressure ratio, and stall margin. The fan had no inlet-
guide-vanes, and the axial location and number of the stator vanes were determined from
acoustic considerations. The fan was designed to have a rotor tip speed of 1000 ft/sec
(304.8 m/sec), a hub-to-tip ratio of 0.392 at the rotor inlet, and a pressure ratio of 1.5; high
blade loadings and large past-axial exit angles were necessary to obtain this design pressure
ratio because of the low rotor-speeds. The rotor had a design maximum diffusion factor of
0.54, occurring at 60 percent span from the hub. Design relative flow-angles at the rotor
exit were past-axial from the hub to 30 percent span. The design flow angle was -39.6
degrees at the hub. The stator was originally designed to have a maximum diffusion factor
of 0.64 but was later redesigned to have a maximum diffusion factor of 0.48; both these
stators had maximum loadings at the hub.

Three fan-configurations were evaluated: 1) unslotted rotor and unslotted stator, 2) slotted
rotor and slotted stator, and 3) slotted rotor and redesigned stator (unslotted). The first two
configurations had boundary layer suction slits at the stator hub. These two configurations
had good efficiency near stall, but they did not have adequate stall margin for practical
applications. It was determined that stator-initiated stalls were the cause of this deficiency.
Stator initiated-stalls were identified from strain-gage records and by analysis of blade and
vane loadings. As a result, the stator was redesigned using additional annulus convergence
and solidity to lower the diffusion factor. The third fan-configuration, with slotted rotor
and redesigned stator but without slit suction, had good performance at 15 percent stall
margin. The large past-axial exit-angles at the rotor did not cause instabilities in any of the
tests conducted.

The peak efficiency at design speed of all three configurations exceeded the design predic-
tion of 0.873. Weight flow on an operating line with 15 percent stall margin was lower than
design flow due to inadequate rotor blade throat area and to excessive deviation angles at
the rotor tip. Radial distributions of flow conditions were in fair agreement with design pre-
dictions, and velocity vectors were within the range of low-loss incidence angles on the rotor
and stator. Boundary-layer suction through slits located at the intersections of the stator
suction surfaces with the hub wall raised the stator loading limit and reduced stator losses.
Slots in the rotor and stator improved part-speed efficiency, but no significant improvement
in loading capability was obtained. Tip-radial and circumferential distortions of the inlet
flow reduced stall margin, but hub-radial distortion increased stall margin. Honeycomb and
skewed-slots casing treatment over the rotor tip gave increased stall margin with inlet distor-
tions, but vortex generators on the case upstream of the rotor tip did not increase the stall
margin.
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Fan stage performance parameters at design speed are presented in Table I for the three fan-
configurations tested.

TABLE I
SUMMARY OF FAN STAGE PERFORMANCE AT

DESIGN SPEED

Unslotted Slotted Rotor Slotted Rotor and
Parameter Rotor and Stator I and Stator I Redesigned Stator

Flow Range, (% of
Design Flow2 ):

Max. Flow 100.8 99.7 99.5
Min. Flow 93.2-97.73 92.7 87.1

Max. Stage 0.881 0.883 0.886
Adiabatic Efficiency

Max. Pressure Ratio 1.484 1.497 1.506

Stage Adiabatic 0.783 0.788 0.883
Efficiency (at 15%
Stall Margin4 )

Pressure Ratio (at 1.400 1.401 1.474
15% Stall Margin)

1. With boundary layer suction at hub.
2. Design Flow = 185 lb/sec (83.92 kg/sec)
3. Intermittent stall within this flow range.

4. % Stall Margin at Point n = [ (W n x (P/P) stall 11 x 100
[(W~e~a l 0(/P)n

Noise measurements were obtained from an array of microphones located within the inlet
plenum chamber. Broadband noise generated by the fan stage and measured by these micro-
phones was relatively constant over the range of speeds and flows tested. Other fan stages
tested in the same facility have shown increased broadband noise with increased tip relative
Mach number. Blade-passage-frequency noise levels increased with blade tip relative Mach
number. The lower number of vanes (i.e., 50) in the redesigned stator (the original design
had 64 vanes) did not affect the levels of inlet radiated blade-passage-frequency noise signifi-
cantly. Supersonic fan noise (combination tone or multiple pure-tones) existed only at 105
percent design speed and above. The skewed-slots casing-treatment did not adversely affect
noise.
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INTRODUCTION

A program was conducted to determine the performance characteristics of a single-stage,
low tip-speed fan that would be applicable to a low noise, aircraft engine. To achieve low
noise, the fan stage was designed without inlet-guide-vanes, a large axial spacing between
rotor and stator blade-rows, and a ratio of stator to rotor blades that theory indicated would
prevent propagation of blade-to-blade row interaction noise [ref. I ]. To obtain a required
pressure ratio of 1.5 from a single-stage fan with a low rotor tip-speed required the employ-
ment of unconventional aerodynamics (i.e., large negative relative angles at the rotor hub
exit, high stator inlet Mach numbers, and high blade loadings). The program included aero-
dynamic performance testing with uniform and distorted inlet flows and noise testing. Three
farn-configurations were evaluated:

1) unslotted rotor and unslotted stator

2) slotted rotor and slotted stator

3) slotted rotor and redesigned stator (unslotted).

Multiple-circular-arc blading was used for the rotor and stator of all three fan-configurations.
The first and second fan-configurations were provided with suction slits at the stator hub.

Testing of the first fan-configuration indicated that while the efficiency was good, the stall
margin was too low for practical application. To improve stall margin, the rotor and stator
blades were slotted. Additional tests were run with honeycomb case treatment over the
rotor tip and with vortex generators to energize the boundary layer flow entering the rotor
tip. These modifications did not increase stall margin sufficiently. It was determined that
stall margin was being limited by the stator. As a result, the stator was redesigned with lower
loadings. This third fan-configuration had satisfactory stall margin as well as good efficiency.
A skewed-slot case treatment over the rotor hub of the third fan-configuration gave improved
stability during inlet-distortion operation.

This report provides a design summary and a comparison of test results for the three fan-
configurations. Details of the original design, including design considerations and criteria,
are provided in reference 2. Detailed data and performance obtained from testing of the
first, second, and third :fan-configurations are provided in references 3, 4, and 5, respectively.
Other NASA programs related to this technology include tests of highly loaded, high Mach
number stators with a rotor that turned past-axial [ref. 6] and tests of a low speed rotor,
similar to the one described herein, in a "quiet engine" fan program [ref. 7].

All symbols and parameters appearing in this report are defined in Appendix 1.
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TEST COMPRESSOR

ACOUSTIC CONSIDERATIONS

During design of this fan, emphasis was given to features that would reduce the three basic
types of noise associated with fans: 1) discrete blade-passing-frequency noise, due to both
blade-vane interaction and the rotor pressure field, 2) broadband noise, and 3) supersonic
fan-noise (also referred to as combination tone, multiple pure-tones, or buzz saw).

Blade-vane interaction noise consists of discrete tones at fundamental blade-passing-frequency
and higher harmonics generated by rotor blades chopping the wakes from upstream inlet-
guide-vanes and by rotor wakes passing over the downstream stators. This fan was designed
without inlet-guide-vanes to avoid guide-vane-rotor interactions and with a large axial spacing
between the rotor and stator to permit the rotor wakes to decay before impinging on the
stator. The spacing used was approximately two axially-projected rotor chords for the
original-stator configurations and six percent less for the redesigned-stator configuration.

The choice of the number of rotor blades and stator vanes was made in accordance with
blade-vane interaction theory [ref. I]. Briefly, if the blade-vane interaction generates a
rotating pressure pattern having a subsonic (approximately) tangential speed, the amplitude
of the pattern will decay within the duct; whereas, supersonic speed will cause the pattern
to propagate without attenuation, resulting in much louder levels of blade-passing-frequency
noise being radiated from the inlet and fan ducts.

Each pressure pattern consists of a number (m) of lobes, or cycles, of circumferential pres-
sure variation. The number of lobes is given by the expression m = nB - kV, in which V is
the number of vanes, B is the number of blades, n is the harmonic number, and k is an
integer taking all positive and negative values. Each pattern spins in the duct with a tangen-
tial Mach number equal to (nB/m) Mtip, where Mti

p
is equal to the rotor tip speed (Utip)

divided by acoustic speed.

Noise decays when the m-lobed pattern spins with a tangential Mach number that is less than
the cutoff Mach number. The cutoff Mach number is near unity. However, its exact value
depends on the number of circumferential lobes in the pattern, the hub-to-tip ratio of the
rotor, the number of nodal points across the fan annulus (radial distribution), and the axial
Mach number of the flow [ref. I and 8]. For all the configurations tested during this pro-
gram, the cutoff Mach number was about 0.87. The maximum pattern Mach number for the
first harmonic is with the minimum possible value of m. The maximum pattern Mach num-
ber generally can be made to be less than the cutoff Mach number for blade-vane interaction
patterns by selecting the number of vanes to exceed about twice the number of blades. With
a B of 24 and a V of 64 for the original design, the minimum value of m was 24 - 64 = -40
lobes. This pattern spins backward at 24/40 of Mti

p
for a tangential Mach number of about

0.55. Compared with a cutoff Mach number of 0.87, the 64 V configuration was well below
cutoff of the fundamental interaction tone at design speed. Changing from 64 to 5 0 vanes
yielded an m of -26 lobes and a pattern tangential Mach number of about 0.84. Thus the
redesigned 50 V configuration also was below cutoff at design speed, and no acoustic penalty
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was to be expected. The Mtip of the 64-vane fan-configuration could have gone substantially
supersonic before interaction noise would have propagated; however, this was of little
practical importance since the direct rotor-field dominates at supersonic rotor tip speeds and
supersonic fan-noise is inevitably generated by the shock wave inequalities at the blade tips.

In principle, control of the second harmonic (n = 2 in the above formulas) of blade passage
noise can be achieved by similar means. The criterion here is that the vane number must ex-
ceed about four times the number of blades. In practice, the large number of vanes implied
by this requirement is incompatible with obvious aerodynamic and structural restrictions.
In this fan, however, the axial separation of blades and vanes could be expected to reduce
this harmonic tone.

Discrete tone noise at the rotor blade-passing-frequency is also generated by the rotor alone.
The number of lobes in the pressure pattern at the first harmonic is equal to the number of
blades and spins at rotor speed. This pattern was below cutoff with the tip speed at 90 per-
cent design speed. Thus, designing the fan for low tip-speed ensured decay of the rotor-alone
discrete-tone-noise over much of the normal operating range of the fan.

The second type of fan noise, broadband noise, is identified by a relatively smooth spectrum
having no predominant frequency components. It is random in character and can be de-
scribed in terms of time-average properties such as overall power, overall sound pressure
level, and spectrum shape. This type of noise is due primarily to: 1) unsteady forces on the
blades, which are related to the randomness associated with the boundary layer and wake
flow characteristics, 2) the random inflow turbulence interacting with the blade row, and
3) air scrubbing over surfaces such as blade and vane rows and the duct walls. Experience
in testing of other single-stage fans indicates that the level of broadband noise increases at
about the fifth power of the rotor blade tip-speed. Thus, the low design tip-speed of the
subject fan, 1000 ft/sec (304.8 m/sec), should yield lower broadband noise levels than those
generated by current, conventional fan stages which operate at higher tip speeds.

When relative Mach numbers into the fan rotor blades exceed unity, a shock-wave pattern
is formed by each rotor blade. Upstream of the rotor blades, these shock waves decay to a
system of Mach waves which propagate out of the inlet duct. This is the third type of fan
noise, supersonic fan-noise. If all of the blades in the rotor were identical, the resulting
radiated noise would be at blade-passing-frequency. However, small variations due to normal
manufacturing tolerances yield a wave pattern which produces harmonics of rotor speed,
resulting in a low pitched, "buzz-saw" noise. This type of noise was minimized by providing
low inlet relative tip Mach numbers by means of low rotor-blade tip-speeds.

FLOWPATH AND VELOCITY VECTOR DIAGRAMS

The fan stage flowpath had a constant outer diameter of 31.0 inches (0.787 m) and a rotor
inlet hub-tip ratio of 0.392. Design flow per unit annulus area at the rotor leading edge was
set at 42 lb/sec-ft2 (205.97 kg/sec-m2 ), giving a design flow rate of 185 lb/sec (83.92 kg/sec).
The rotor was designed for a constant spanwise pressure ratio of 1.55, giving an average

5



pressure ratio of 1.50 for the stage. Total pressure losses for all blade elements were esti-
mated using shock and profile loss models. The predicted rotor efficiency was 0.933, and
predicted stage efficiency was 0.873.

Overall flowpath convergence was determined by the design pressure ratio and ratio of exit-
to-inlet-velocities. A major aerodynamic problem inherent in any low speed, low hub-tip
ratio, highly-loaded compressor stage is the large past-axial turnings which occur in the rotor
hub region. In design of this fan, flowpath convergence at the rotor hub was used to raise
exit rotor speed and limit the past-axial turning. The rotor exit design air angle, 1'2, at the
hub was, however, still highly negative (-39.6 degrees). Convergence was also used to relieve
local high-loading at the stator hub. The resulting flowpath (Figure 1) had a constant tip
diameter, a converging hub across the rotor and stator, and a constant hub-diameter section
between the blade rows.

The rotor design loading (diffusion factor, D) was a maximum of 0.54 at 60 percent span
from the hub and 0.53 at the tip. The design diffusion factor of the original stator was less
than 0.5 over the outer 75 percent of the span and reached its maximum of 0.64 at the hub.
Tests with the original stator showed that this high loading at the hub caused a stall margin
deficiency. To improve the stall margin, the stator was redesigned with more hub conver-
gence, higher solidity, and a lower aspect ratio (Figure 1). The design diffusion factors of
the redesigned stator were less than 0.5 over the entire span. The reduced loading was
achieved primarily by increasing the design Mach number at the stator exit. The design dif-
fusion factors for the rotor and the two stators versus span are presented in Figure 2, and
the design Mach numbers at the exit of the two stators versus span are presented in Figure 3.

The design relative Mach numbers at the inlet of the rotor were subsonic to about 71 percent
span from the hub and reach a maximum of 1.13 at the tip. The design Mach numbers at the
stator inlet were highest (0.90) at the hub. Spanwise profiles of design relative Mach number
at the rotor inlet and design absolute Mach number at the entrance to both stators are pre-
sented in Figure 4. The differences in the Mach number profiles at the leading edge of the
two stators are due to differences in the design point in addition to the flowpath changes.
Velocity diagrams used to redesign the stator were calculated for the modified flowpath and
for the aerodynamic performance of the slotted rotor at a design speed data point which had
a corrected flow of 179.7 lb/sec (81.84 kg/sec) and a stage pressure ratio of 1.488 [ref. 4].

The lower aspect ratio of the redesigned stator required the reduction in the number of
stator vanes (from 64 to 50) and the six percent reduction in the axial spacing between the
rotor and stator discussed under Acoustic Considerations.

AIR FOIL DESIGN

The rotor and stator blades had multiple-circular-arc (MCA) airfoils designed on conical
surfaces which approximated stream surfaces of revolution. The MCA airfoil design concept
is discussed and airfoil definitions are described in reference 2. Chord length and thickness
ratios were determined primarily by mechanical considerations.
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Rotor

The rotor had 24 blades with aerodynamic chords of 4.5 inches (11.42 cm) at the hub and
5.525 inches (14.034 cm) at the tip. The ratio of maximum-thickness to chord was 0.07 at
the root and 0.03 at the tip. Both chord and thickness ratios varied linearly between root
and tip. Solidity was 1.359 at the tip and 2.513 at the root. A photograph of a rotor blade
is presented in Figure 5.

Design incidence angles for sections with subsonic inlet relative Mach numbers were based
on rotor test data except at the hub where cascade data were used. A supersonic flow align-
ment technique [ref. 2] was used for the outer 22 percent of span. Deviation angles were
calculated using a form of Carter's Rule plus an experience factor [ref. 2] over the outer 75
percent of span. Applicable two-dimensional cascade data were used to calculate the devia-
tion angles at the hub where no rotor data were available for turnings of 39.6 degrees past
axial. Deviation angles were faired between the cascade test value at the hub and the stan-
dard prediction system value-at 25 percent span from the hub [ref. 2].

Chordwise camber distributions for the MCA rotor airfoils were selected to control stream-
tube throat area between adjacent airfoils on stream surfaces of revolution. Airfoils with
inlet relative Mach numbers less than 1.0 were designed to have a minimum critical-area
ratio (A/A*) in channels between blades equal to 1.03 times the A/A*, corresponding to the
inlet relative Mach number. Airfoils with inlet relative Mach numbers greater than 1.0 were
designed to have a minimum A/A* of 1.03. It was necessary to limit the maximum-thickness
to chord ratio of 0.07 at the hub in order to obtain the required channel area.

Design blade-element performance parameters are provided in Appendix 2, and airfoil defi-
nitions are provided in Appendix 3. Details of the rotor design are given in reference 2.

Stators

Two stators were designed - photographs of both stator vanes are shown in Figure 5. The
original stator had an aspect ratio of 3.67 (based on an average blade-length and aerodynamic
hub chord) and high loadings, and the redesigned stator had an aspect ratio of 2.46 and
lower loadings to improve stall margin. Both stators had MCA airfoil sections.

O R I G I NA L STATO R

The original stator had 64 blades, a hub solidity of 2.169, and aerodynamic chord lengths of
1.877 inches (4.768 cm) at the root and 1.826 inches (4.638 cm) at the tip. Maximum-
thickness to chord ratio tapered linearly from 0.039 at the hub to 0.07 at the tip. Design
incidence was set approximately at zero degrees to the suction surface. Deviation angles were
based on Carter's Rule plus an experience factor. The transition between front and rear sec-
tions of the MCA airfoils was located at the channel entrance or at an assumed shock-
intersection point on the airfoil suction surface. Camber of the front section was 60 percent
of an equivalent double-circular-arc (DCA) airfoil front camber. The lowest critical-area
ratio (A/A*) was 1.08 for the stream-tube throats of the stator blade elements, providing
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adequate flow capacity. Design blade element performance parameters are provided in
Appendix 2, and airfoil definitions are provided in Appendix 3. Details of the original stator
design are given in reference 2.

REDESIGNED STATOR

The redesigned stator had 50 blades, a hub solidity of 2.33, and an aerodynamic chord
length of 2.628 inches (6.675 cm) at the root and 2.550 inches (6.487 cm) at the tip. The
chord was 40 percent longer than the original stator chord in order to gain a higher loading
capability for improving the stall margin. Although the stator solidity was increased about
eight percent, the estimated blade-element losses for the redesigned stator did not exceed at
any point the estimated losses of the original stator. Maximum-thickness to chord ratio was
set to vary linearly from 0.041 at the hub to 0.072 at the tip, a distribution similar to that
of the original stator which had demonstrated mechanical integrity and reasonable losses.

Low curvature entrance region airfoils were selected for the high Mach number hub sections.
There was a gradual transition to nearly DCA airfoils at the lower Mach number tip'sections.
The choice of the nearly DCA tip sections for the redesigned stator was based on data that
showed the DCA stators have lower losses than MCA sections with uncambered entrance
regions when the inlet Mach numbers drop below 0.7 [ref. 6]. Transition between front and
rear sections was set at the channel-entrance point on the suction surface for the hub section
and at approximately half-chord for the tip section. Camber distribution was used to control
throat area in blade channels. Design throat areas were selected using a correlation of mini-
mum loss as a function of the ratio of throat-area-to-capture-area versus Mach number
[ref. 6].

Incidence angles were set at approximately zero degrees to the suction surface at the hub
(based on loss data from reference 6). Tip incidence angles were set at minus 6.1 degrees
based on the P&WATM correlation of DCA airfoils cascade data. Deviation angles were pre-
dicted using a P&WA correlation of cascade data plus a correction based on data from tests
with the original stator [ref. 4].

Design blade element performance parameters are provided in Appendix 2, and airfoil defi-
nitions are provided in Appendix 3. Details of the stator redesign are given in reference 5.

BOUNDARY LAYER AND ENDWALL DEVICES

Stator Slit Suction

Boundary-layer suction slits were provided at the hub of the original-design stator and were
utilized by the first and second fan-configurations to reduce total pressure loss and to attain
higher loading without boundary layer separation. The slits were located at the intersection
of the stator suction surface and the hub wall. Bleed flow requirements were based on analy-
sis of Peacock's data [ref. 9] . Sonic bleed velocity was selected to prevent recirculation. The
slits extended from 15 to 85 percent chord and were 1.160 inches (29.46 mm) long and, for
the unslotted stator, were 0.017 inch (0.432 mm) wide. For the tests with the slotted stators,
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the slit width was increased to 0.030 inch (0.762 mm) to evaluate effects of increasing
boundary-layer suction flow. The slit arrangement can be seen in Figure 6. The redesigned
stator was not provided with slit suction; instead this configuration was provided with vari-
able angle capability to optimize overall performance.

Blade Slots

Slots were designed for the rotor and original-stator blades to increase stall margin by im-
proving blade loading capability. The rotor blades had a tip slot at 20 percent chord that
extended over the outer five percent of span and a larger slot at 70 percent chord that
extended from 70 to 94 percent span from the hub. The original stator had slots at 20
percent chord that extended from each endwall to a distance equal to five percent of span.
The redesigned stator was not slotted. Photographs of slotted rotor and stator blades are
shown in Figure 5. Details of the slot designs are given in reference 4.

Casing Treatments Over Rotor Tips

Two rotor-tip casing treatments were designed to improve stall margin. The first treatment,
used with the second fan-configuration (slotted rotor and slotted stator), was a honeycomb
structure with cells inclined into the direction of rotor rotation at an angle of 70 degrees to
a radial line (Figure 7). Cells were approximately 1/8 inch (0.318 cm) square and were 2.34
inches (5.943 cm) long, extending axially from 0.2 inch (0.508 cm) forward of the rotor
leading edge plane to 0.6 inch (1.524 cm) rearward from the trailing edge plane [ref. 4].
Cells were open at both ends with an enclosed plenum on the outside. Provision was made
to reduce plenum volume with an insert and to close off outer ends of the cells.

A skewed-slot rotor tip casing treatment [ref. 5] was also designed and was used with the
redesigned stator (third fan-configuration). Slots were axial and slanted into the direction of
rotor rotation at an angle of 60 degrees to the radial direction (Figure 8). Slots were 5/8
inch (1.588 cm) deep, 1/8 inch (0.318 cm) wide, and were separated by a land 1/16 inch
(0. 159 cm) wide. The slots extended from 20 to 80 percent of the axially projected rotor
tip chord with a 0.162 inch (0.412 cm) wide partition separating each slot into equal length
front and rear segments.

Vortex Generators

Vortex generators were designed [ref. 4] to add momentum to the boundary layer on the
outer wall at the fan inlet. The vortex generators were paired to produce sets of counter-
rotating vortices and were mounted on the outer case wall 8 inches (20.32 cm) upstream of
the rotor leading edge. Figure 9 shows installed vortex generators along with honeycomb
type casing treatment [ref. 4] over the rotor tips.
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MECHANICAL DESIGN

Rig

The fan rig was designed with a cantilevered rotor which could be run without an inlet sup-
port structure and with a rotating nose cone for noise testing. For shakedown and perfor-
mance testing, inlet struts were used to support an inlet fairing and a slip ring was used for
rotor stress instrumentation. The inlet configurations for performance and noise testing are
compared in Figures 10 and 1 1. An oil-damped bearing permitted operation through the
range of test speeds without critical-speed problems. Provisions were made for extracting
stator slit-suction flow and to mount flow-distortion screens upstream of the rotor. A split
outer case permitted on-stand changes of rotor tip casing treatments. Chord angle of the re-
designed stator could be reset at the test stand.

Rotor

The rotor blade thickness-to-chord ratio at the hub was limited to 0.07 by flow choking
considerations which made it necessary to use either a partspan shroud or a pinned-root
attachment to avoid low order resonances. The pinned-root attachment was selected so that
partspan shroud losses could be avoided. Calculated stresses at 110 percent speed were well
within the capability of the AMS 4928 titanium alloy material employed.

Stators

Calculated stator stress due to air loads was very low and well within the capability of the
AMS 5613 stainless steel material employed. The vibration frequency of the original stator
was dependent on the hub-end constraint provided by the plastic used to position the stator
hub and to form the boundary-layer suction slit. The exact amount of constraint is unknown,
but calculations showed that a cantilevered stator might flutter but a fixed or pinned-root
stator would not. Some flutter occurred at high speeds during testing, but stresses did not
limit the range of operation.

Mechanical properties calculated for the redesigned stator with low aspect ratio and a pinned-
root hub attachment indicated low static stress and no vibration problems.

TEST FACILITY AND INSTRUMENTATION

The tests were conducted in a sea-level compressor test stand. The facility was equipped
with a gas turbine drive engine and an exhaust system for boundary-layer control devices.
A schematic of the test stand is shown in Figure 12. A description of the facility is provided
in reference 3.

Inlet total-pressure distortions were created by attaching distortion screens to a support
screen located 32 inches (0.813 m) upstream of the rotor leading edge. Radial distortion
screens were designed to produce distortions extending over the outer or inner 40 percent
of span. The circumferential distortion screen was designed to produce a distortion covering
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a 90-degree segment of the annulus at the rotor inlet. All screens were designed to provide
a distortion, (Pmax-Pmin)/Pmax, of 0.15 at design corrected flow. The photographs in
Figure 13 show the support screen installed and the screens used to generate inlet distortions.

Performance measurements were made at nine radial locations defined by streamlines which
passed the rotor trailing edge at 5, 10, 15, 30, 50, 70, 85, 90, and 95 percent span from the
hub. The instrumentation locations are shown in Figure 14. (Changing to a split casing [ref.
5] necessitated shifts in the circumferential location of some instrumentation from that
used in previous tests.) A detailed description of the instrumentation used during this pro-
gram was given in earlier reports [ref. 3, 4, and 5].

Prior to this contract, the acoustic characteristics of the inlet plenum chamber had been
investigated to determine the number and location of microphones needed to calculate the
acoustic power output from the inlet of the fan stage. Both reverberation time measurements
and sound pressure level distribution surveys were conducted; results of the surveys are pre-
sented in reference 3. Based on these data, eight microphones were positioned within the
plenum chamber as shown in Figure 15. These eight positions were used for all the acoustic
tests. One traversing microphone was positioned downstream of the stator trailing edge to
sample downstream noise at blade-passing-frequency.

TEST AND DATA ANALYSIS PROCEDURES

The general test procedure for all the configurations consisted of: 1) shakedown phase in
which stresses were surveyed, stall flow determined, and sample aerodynamic data obtained
for instrumentation checkout; 2) performance tests in which detailed aerodynamic measure-
ments were made; and 3) acoustic tests with microphones and only enough performance
instrumentation to identify operating points. The acoustic tests were run with a rotating
nose cone and no inlet support structure. Detailed test procedures were provided in earlier
reports [ref. 3, 4, and 5].

Aerodynamic data were processed in two steps. In the first step, the data signals were con-
verted from millivolts to temperatures and pressures and corrected by means of probe cali-
bration data. Temperatures and pressures were circumferentially mass-flow averaged.
Corrected weight and bleed flows (where applicable), corrected speed, and wake-blockage.
factors were calculated. In the second step, the information from step one was used as input
to a streamline analysis program for the calculation of overall and blade element perfor-
mance parameters. The second step was not used for circumferential distortion data. A com-
plete description of the calculation procedure employed is provided in reference 3.

Tape-recorded noise data were processed through a wave analyzer having a 50 Hz bandwidth
filter. The output of the analyzer was then recorded on a graphic-level recorder that yielded
curves of sound pressure level as a function of frequency. From these traces, broadband
noise and supersonic tip speed noise were evaluated. Blade-passage-frequency data were time
averaged for 30 seconds at each operating point. A more detailed description of acoustic
data analysis procedures may also be found in reference 3.
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RESULTS AND DISCUSSION

In this section the aerodynamic performance of the third fan-configuration (slotted-rotor
and redesigned stator) is discussed in relation to program objectives. Its aerodynamic and
acoustic performance is compared with the performance of the first and second fan-
configurations (unslotted rotor and stator and slotted rotor and stator), both of which gave
inferior aerodynamic performance.

Aerodynamic performance is presented first in overall terms and then in blade element or
spanwise variation terms. Most of the explanations for the overall results appear in the Blade
Element Performance section because they depend on the spanwise variations. The acoustic
test results are presented in a separate section following the aerodynamic performance.

AERODYNAMIC PERFORMANCE

Overall Performance

UNIFORM INLET FLOW

Fan stage and rotor performance maps for the third fan-configuration are presented in
Figures 16 and 17, respectively. A constant-throttle operating line is shown on both the fan
stage and rotor performance maps to provide a reference for comparing performance param-
eters at various test speeds. The operating line passes through the design spccd line at fifteen
percent stall margin, an acceptable value for useful application, and also through the design
point. The operating lines correspond to a fixed-area fan nozzle with the ratio of nozzle-
static-pressure to total-pressure equal to the reciprocal of the fan total pressure ratio and to
temperature as determined by test efficiency. Design speed operating line performance
parameters listed in this report correspond to data obtained at the solid points on Figures
16 and 17.

At design speed, fan efficiency on the operating line was 0.883, exceeding the design goal of
0.873. The peak efficiency measured at design speed was 0.886. Operating line rotor effi-
ciency was 0.936, exceeding the design goal of 0.932. The peak rotor efficiency measured at
design speed was 0.947.

Operating line performance parameters for the stage and the rotor are given in Table II. The
values given do not represent particular data points but were taken from faired curves through
data points on Figures 16 and 17. Because the two points at 65 percent design speed did not
bracket the operating line, trends of pressure ratio and efficiency as functions of flow were
established from previous tests [ref. 3 fnd 4].
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TABLE II
OPERATING LINE PERFORMANCE PARAMETERS FOR

SLOTTED ROTOR AND REDESIGNED STATOR

Inlet Stage
Rotor Corr. Stall Stage Stage Rotor Rotor
Speed Flow Margin Pressure Efficiency Pressure Efficiency
(% design) (% design)t (%) Ratio (%) Ratio (%)

65 66.1 29 1.183 90.1 1.190 94.8

90 88.6 21 1.380 90.3 1.402 95.5

100 97.5 15 1.474 88.3 1.508 93.6

110 102.8 7 1.535 80.0 1.584 88.5

tDesign corrected flow = 185 lb/sec (83.8 kg/sec)

Figure 18 presents stage and rotor efficiencies as functions of percent design inlet corrected
flow on the operating line shown in Figure 16; corresponding rotor speeds are also indicated.
Maximum stage efficiency was 0.903 in the region of 88.5 percent of design corrected flow
and 90 percent design speed. As shown in Figure 18, beginning at approximately 90 percent
of design flow, there was a rapid fall-off in efficiency with increasing flow. The original
design flow and pressure ratio were obtained at approximately 104 percent of design speed.
Fan stage and rotor efficiencies at that point were 0.864 and 0.923, respectively (Figure 18).

Comparison of Performance of the Three Configurations

The most significant change in performance between the three fan-configurations was the
improvement in stall margin obtained with the redesigned stator (third fan-configuration);
there was also a slight increase in efficiency and a reduction in pressure ratio at design speed
with this configuration. Other changes included a loss of about one percent in high speed
flow capacity and an improvement in part-speed efficiency for both slotted rotor configura-
tions (second and third fan-configurations) relative to the unslotted rotor (first fan-
configuration). A composite performance map for the three fan-configurations is provided
in Figure 19. In addition to the performance differences due to slotting and the redesigned
stator, differences were also caused by the hub-slit suction of the original stator (both slotted
and unslotted) and by the stagger angle variations of the redesigned stator. The differences
in performance are discussed in the following sections; attempts are made to identify and
explain the mechanisms causing the differences.

Stall Margin Comparison: Stall margin was identified as a potential problem area during the
original design because of the high blade aerodynamic loadings required to obtain the design
pressure ratio. Rotor design maximum diffusion factor was 0.54, occurring at 60 percent of
span from the hub, and the stator maximum diffusion factor was 0.64, occurring at the hub
(Figure 2). These high loadings indicated that the fan might have little stall margin.

13



Tests of the first fan-configuration demonstrated high efficiency, but the stall margin was
considerably less than the 15 percent considered necessary for aircraft application. A region
of intermittent stall was found at design speed (Figure 19). Flow at stall varied from 93.2
to 97.7 percent of design flow. An operating line with 15 percent stall margin relative to the
low-flow side of the intermittent stall region would coincide with wide open throttle opera-
tion. Open-throttle performance was inferior to the performance obtained on the selected
operating line (Figure 16) with pressure ratio dropping from 1.474 to 1.40 and efficiency
dropping from 0.880 to 0.783 at design speed.

Modifications to this original configuration were designed and tested in an effort to improve
stall margin while maintaining efficiency, flow capacity, and pressure ratio. In the first modi-
fication, rotor and stator blades were slotted (Figure 5) to improve their loading capabilities
and reduce loss at high incidence. Boundary-layer-suction slits at the stator hub (Figure 6),
which were effective in reducing stator losses in the unslotted blading, were widened to ob-
tain additional loss reductions and to delay stator-initiated stalls. The addition of the slots
and widened suction slits stabilized operation near stall so that stall at design speed occurred
consistently at 92.7 percent of design flow. Stall tests without suction applied to the slits
showed that most of the stability improvement was caused by the increased flow capacity of
the widened slits. Figure 20 shows that without exhaust suction applied to the widened slits
the stall margin dropped to approximately the level obtained at the high-flow side of the
intermittent-stall region found in the previous test with the smaller slit and unslotted blading.
With suction, the stall line coincided with the lowest flow obtained in the previous test. This
stability imnprovemneni was significant, but it did not provide the amount of stall margin
needed for aircraft applications.

Records of strain-gage signals with time, near and at stall, were often vital in indicating
which blade row initiated stall by the onset of high vibratory stress in one row before the
other. Characteristics of strain-gage records of stator-initiated and rotor-initiated stalls are
shown in Figures 21 and 22. Figure 21 is an excerpt from the strain-gage record made during
stall at 80 percent of design speed with uniform inlet flow and no stator-slit suction, indicat-
ing first signs of stall on stator strain-gages. Figure 22 shows records for the same speed and
inlet conditions but with slit suction, indicating rotor-initiated stall. At speeds lower than
80 percent, all stalls were initiated by the rotor; at speeds higher than 80 percent, all stalls
were initiated by the stator, with or without slit suction.

The stator was then redesigned with increased hub-convergence and increased solidity to
reduce loadings and with reduced aspect ratio to improve loading capability. Variable stator-
angle settings were also provided so that the stator could be reset on the test stand to opti-
mize fan performance. Tests of this third fan-configuration showed that the redesigned stator
raised the fan stall margin at design speed by seven percentage points over that obtained with
the slotted stator and slit suction by decreasing the stall flow from 92.7 to 87.1 percent of
design flow and by increasing stall pressure ratio from 1.497 to 1.506 (Figure 19). Maximum
flow capacity decreased only slightly and efficiency increased slightly; thus the improved
stall line represents a gain in useful stall margin. Table III provides a comparison of design
speed performance at 15 percent stall margin for the three basic fan-configurations.
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TABLE III
PERFORMANCE OF THE THREE FAN CONFIGURATIONS
AT DESIGN SPEED WITH 15 PERCENT STALL MARGIN

Configuration 1 Configuration 2 Configuration 3
Unslotted Rotor Slotted Rotor Slotted Rotor and

Parameter and Stator and Stator Redesigned Stator

Efficiency at 15% 0.783t 0.788 0.883
Stall Margin

Pressure Ratio at 1.40t 1.401 1.474
15% Stall Margin

tAssuming stall occurs at the low-flow side of the intermittent-stall region. If stall is assumed to occur
at the high-flow side of the intermittent stall region, 15 percent stall margin falls below the open-throttle
point.

It is acknowledged that the increased stall margin with the redesigned stator was obtained
by reducing stator diffusion. The stator exit average Mach number was approximately 0.58
during fan operation with 15 percent stall margin, a value too high for some applications. An
alternative solution for engine fans would be to use the splitter to limit the redesign to the
hub region where high loadings occurred. If a splitter isolated the fan duct flow from the
primary flow, there would be no requirement for static-pressure and flow-angle continuity
between the separated streams. Convergence, curvature, and exit swirl could be used to
reduce primary-flow stator loadings. Original Mach number levels and axial exit-flow could
be retained for the exit-guide-vane in the fan duct flow.

Tests were run to investigate the effect of resetting stagger angle of the redesigned stator to
optimize performance at design speed. The best combination of stall margin, efficiency, and
flow capacity at design speed was obtained with the nominal stator-setting (i.e., stator at
design setting), as shown by Figure 23. The highest stall-line was obtained with the stator
closed (reset to reduce incidence angle) 10 degrees. This higher stall-line was obtained at the
expense of flow capacity and efficiency at an acceptable stall margin. A higher stall-line but
lower efficiency was also obtained with the stator opened 5 degrees. This latter stall-line
improvement can be explained as a result of spanwise shift of stator loading as discussed
under Blade Element Performance.

Performance tests over a range of speeds with the stator in the nominal and 10 degrees
closed settings indicated that closing the stator was effective in raising the stall line at high
speed but not at part-speed. Figure 24 shows that a significant improvement in stall line was
obtained at 1 10 percent of design speed but that there was no improvement at 90 percent
speed. Flow capacity was reduced at all speeds.

Flow Capacity Comparison: Maximum flow capacities of the first and second fan-
configurations and of the third fan-configuration with different stator setting angles are
shown on Figure 25. Maximum flow with the original unslotted blading exceeded the
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design flow although flow was lower than design for near-design pressure ratios and effi-
ciencies (Figure 19). Slotting reduced flow capacity by 1.1 percent. Another flow reduction
was indicated when the slotted stator was replaced by the redesigned stator; however, the
0.4 percent decrease indicated is close to the repeatability (0.3 percent) of the flow mea-
suring system. Opening the stator did not increase flow capacity, indicating that the rotor
limited the stage flow capacity with nominal and opened stator setting angles. Maximum
flow decreased by 2.1 and 7.2 percent when the stator was closed 5 and 10 degrees,
respectively.

Fan flow capacity can be related to choking in channels between adjacent airfoils. Table
IV lists radially mass-flow-averaged values of minimum-area ratio (A/A*)t of the slotted
rotor and redesigned stator (third fan-configuration) for maximum-flow operating points
at design speed with the stator at nominal and 10 degrees closed settings; the underlined
values shown are flow-limiting values. The operating line point gives the minimum A/A*
levels at which good pressure ratio and efficiency were obtained.

TABLE IV
SPANWISE AVERAGE OF MINIMUM A/A* IN SLOTTED ROTOR AND

REDESIGNED STATOR BLADE CHANNELS AT DESIGN SPEED

A/A* A/A* Percent Design
Operating Condition Rotor Stator Flow

Open throttle. 02.1 1.016 99.2
stator nominal

Open throttle, 1.100 1.001 92.1
stator closed 10 degrees

Operating-line 1.049 1.095 97.5
stator nominal

Maximum flow with the nominal stator-setting (also with the opened stator-setting) occurred
at a rotor minimum A/A* level of 1.021 (before slotting, the rotor obtained a minimum
A/A* of 1.010 at open throttle) and with the stator closed 10 degrees at a stator minimum
A/A* level of 1.001 in the stator. The low minimum A/A* level in the stator may have been
due to the large annulus blockage (actual-area/effective-area) of 1.041 used at the stator inlet
in the streamline calculation to match calculated static pressure with measured wall static
pressure.

The slotted rotor blade had about one percent lower measured flow capacity than the un-
slotted blade (Figure 25) because of the positions of the slot entrance and exit relative to the
channel between blades, as shown by Figure 26. Local channel widths normal to a midgap

tMinimum values of A/A* for each of nine blade-element channels were radially mass-flow
averaged to obtain the blade-throat A/A* value used to correlate flow capacity. Blade-
element A/A* ratios were calculated using the method described in reference 2, except that
the test flow conditions at blade edges were used instead of design flow conditions.
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streamline are represented in the figure by diameters of the circles drawn in the channel.
Viewing the channel area in this way, it can be seen that relative to the midgap streamline,
the slots discharged into the channel upstream of the slot entrance on the following blade.
Figure 27 shows design A/A* ratios as functions of axial location in the passage at midgap
at 73 and 91 percent of span from the hub (the slot extended from 70 to 94 percent span).
A three percent drop in A/A* (corresponding to the slot design flow rate) is shown for the
channel sections carrying additional flow. The calculated flow capacity at choke was reduced
by 1.0 percent at 73 percent span and by 2.8 percent at 91 percent span due to the slotting
geometry used.

Efficiency Comparison: Figure 19 shows that all configurations attained maximum efficien-
cies only slightly higher than the original design-estimate. Since the original efficiency esti-
mate was based on conventional correlations of blade-element loss [ref. 2], and since
configuration changes had only minor effects on efficiency, the high level of efficiency
appears to be the result of the low tip-speed in relation to the fan pressure ratio. Figure 28
shows a map of rotor and stage static pressure ratios as functions of flow. The reaction, de-
fined as the ratio of rotor-static-pressure-rise to stage-static-pressure-rise [ref. 10], was below
0.6, a low value for a fan. The static pressures used to calculate the reaction ratios were
arithmetic averages of hub, mean, and tip values from the streamline calculation.

Rotor and stator total pressure recoveriest were nearly equal, as shown in Figure 29, which
is characteristic of stages with reactions near 0.5. Reactions in this range generally give a
higher stage recovery (product of rotor and stator recoveries) than stages with very high or
very low reactions. At the operating-line point at design speed, the rotor recovery was 0.974
and the stator recovery was 0.978, giving a stage recovery of 0.953. The recoveries of both
airfoils (i.e., rotor and stator airfoils) fell rapidly as choke was approached. Figure 30 shows
total pressure recoveries of the slotted rotor and the redesigned stator versus the spanwise-
average minimum A/A* for the open-throttle design speed data points shown in Figure 23.
The higher minimum A/A* level at which rotor recovery fell relative to stator recovery is
partly attributable to rotor slot flow which decreased choked flow at design speed by
approximately one percent.

Tests with and without boundary-layer suction through slits at the stator hub showed that
suction improved stator total pressure recovery. The average recovery on the operating line
of the unslotted original stator with slit suction was 0.9777 and 0.9764 without slit suction.
The increase in efficiency corresponding to the increase in recovery was 0.005 for these op-
erating-line points. At open throttle, where stator hub losses were more severe, slit suction
improved efficiency by 0.015 [ref. 3]. The net efficiency gains for operating-line and open-
throttle points were 0.003 and 0.013, respectively, after accounting for the 0.2 percent
bleed flow.

Small efficiency gains were obtained in each successive fan configuration. Figure 19 shows
that slotting the rotor and stator and increasing the width of the boundary-layer suction-slit
at the stator hub raised part-speed efficiency by approximately 0.02. This increase resulted
from gains from both the rotor and the stator. Rotor efficiency increased 0.016 and the
stator had a higher total-pressure ratio (recovery), giving an efficiency improvement of

t Recovery is defined in Appendix 1
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approximately 0.008. Design speed efficiency improved when the slotted stator was replaced
by the redesigned stator even though the redesigned stator did not have the benefit of slit
suction. Details of these performance changes are discussed in the Blade Element Perfor-
mance section.

DISTORTED INLET FLOW

Inlet flow distortions were generated by means of screens (Figure 13) located one rotor-
diameter upstream of the rotor leading edge. Three types of inlet distortions were
investigated: tip-radial, hub-radial, and circumferential. Radial profiles of rotor inlet total
pressure with the tip-radial and hub-radial distortions at 95 percent speed are shown in
Figure 31. A maximum distortion parameter, (Pmax -Pmin)/Pmax, of 0.147 was obtained
with the tip distortion and 0.100 was obtained with the hub distortion. A contour map of
rotor inlet total pressure with circumferential distortion at 95 percent speed is presented in
Figure 32. For this pattern, the distortion parameter at 50 percent span was 0.122. Maxi-
mum test-speeds during the distortion tests were held to 95 percent because of flutter.
Flutter in the first-bending mode was encountered with both slotted and unslotted rotor
blades at 97 percent of design speed with tip-radial distortion. Test speeds were therefore
held to a maximum of 95 percent to avoid operating at high stresses. All distortion tests
were run with this same maximum speed to simplify comparing results.

The third fan-configuration (slotted rotor with redesigned stator) was the only configuration
tested with all thlree types of distortion. The first fan-confliguraiion (both rotor and stator
unslotted) was tested with only tip-radial and circumferential distortions, and the second
fan-configuration (both rotor and stator slotted) was tested with only the tip-radial
distortion. Because only the third fan-configuration was tested with all three types of dis-
tortion, the comparison of the effects of different types of distortion on performance is
limited to that configuration. A comparison of the performance exhibited with tip-radial
distortion is made for all three fan-configurations, and performance with circumferential
distortion is compared for the first and third fan-configurations.

In Figure 33 the overall performance obtained with the three types of distortion is com-
pared with the performance obtained with uniform inlet flow. The distorted flow operating
line shown in the figure is higher than the operating line for the uniform flow and was cal-
culated by assuming that nozzle-exit static pressure was equal to the maximum value of total
pressure at the rotor inlet. Nozzle exit values of P/p were obtained by dividing the mass-flow-
average total-pressure ratio, P1 2 /P 5 , by P5 max/P5 mass-flow-av. The resulting Mach num-
bers for the distorted flows were lower than for uniform flow, and the operating lines were
raised accordingly. Operating lines for the three types of distortion were separated by less
than one percent of design corrected flow, and the distorted-flow operating-line shown in
Figure 33 is the middle of the band of operating lines for the three distortions. An intersec-
tion of the operating line with a speed line locates an operating line efficiency point for a
particular flow rate. The operating line efficiency curves in the figure were obtained by
drawing a smooth curve through these efficiency points.

Tip-radial distortion reduced stall margin significantly and was most severe at low speeds.
This sensitivity to distortions at speeds where with uniform inlet flow the rotor controlled
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stall indicates that the loss in stall margin was due to rotor stall. Circumferential distortion
had little effect on stall margin, but hub-radial distortion raised stall margin. This increase
in stall margin with hub-radial distortion was unexpected and appears to be similar to the
result obtained in another program in which a hub baffle raised stall margin [ ref. 11 ].
Efficiency was reduced 0.01 and 0.02 by circumferential and hub-radial distortions,
respectively, at 95 percent of design speed and tapered off to negligible reductions at 80
percent of design speed. The tip-radial distortion reduced efficiency by 0.021 at 95 percent
speed and by 0.015 at 80 percent speed. Stall margin and operating-line adiabatic effi-
ciency are presented as functions of test speed in Figure 34 for the three types of distortion
investigated; the changes shown are relative to performance with uniform inlet flow.

All three fan-configurations had approximately the same stall line when tested with tip-
radial distortion, as shown in Figure 35. As can be seen in the figure, the efficiencies of the
third fan-configuration were 0.02 to 0.03 better than for the second fan-configuration, and
the second fan-configuration efficiencies were 0.01 to 0.02 better than the first fan-
configuration. With circumferential distortion, the efficiencies of the third fan-configuration
were 0.04 to 0.05 better than the first fan-configuration (shown in Figure 36). The similar
stall lines at lower speeds with circumferential distortion and at all speeds with tip-radial
distortion indicate rotor-controlled stalls. The higher stall line of the third fan-configuration
at high speed with circumferential distortions indicates that at this operating condition the
first fan-configuration had a stator initiated stall.

Comparison of Inlet and Exit Distortions

Tip-radial distortion produced the spanwise meridional velocity-profiles at the fan inlet and
exit shown in Figures 37 and 38, respectively. The data were obtained at the near-stall test
point, the point closest to the distorted-flow operating-line, at 95 percent of design speed
(Figure 33). Meridional velocity profiles of operating-line and near-stall test points with
uniform inlet flow are shown for comparison. Tip-region velocity at the fan inlet (Figure 37)
was approximately the same with uniform and distorted flows at near-stall data-points.
Plots of exit velocity profiles (Figure 38) show that the distortion was not reduced appre-
ciably by the fan. Both the inlet and the exit distortion patterns were approximately the
same at the operating line and at near-stall.

Hub-radial distortion produced the inlet and exit velocity profiles shown in Figures 39 and
40, respectively. These figures show that on the operating line the fan reduced the velocity
defect at the hub and that between the operating line and near-stall points a very large
velocity defect developed at the hub. Because of the large region of past-axial exit-flow at
the hub, instability had been expected with hub-radial distortion. Figure 41 shows that for
past-axial rotor exit flow, decreasing exit velocity reduces the work done on the fluid by the
rotor. Hub-radial distortions had been expected to reduce rotor exit velocity near the hub
and, thus, reduce work, total pressure, and flow velocity. Figures 39 and 40 show, however,
that although the rotor inlet velocity was low at the hub with the hub-radial distortion, the
rotor exit velocity profile was not much different than with uniform inlet flow and that
distortion was reduced except near stall.
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Differences in rotor efficiency profiles between radially distorted and uniform inlet flows
are shown in Figure 42 for operating-line data points at 95 percent of design speed. The
efficiency values shown are from streamline calculations which used the radial distributions
of measured rotor-inlet flow conditions and radial distributions of rotor exit conditions
determined from stator-exit free-stream total pressures and circumferentially mass-flow-
averaged total temperatures. Efficiency rose in the distorted regions and fell in the undis-
torted regions relative to the values obtained with uniform inlet flow. This result was due
to a large increase in work in the distorted area without a corresponding increase in loss.
Similar results were obtained in the radial distortion data reported in reference 12.

Contour maps of rotor inlet total pressure, stator inlet total pressure, and stator inlet total
temperature are shown in Figures 32, 43, and 44, respectively, for a particular test point
with inlet circumferential distortion and the redesigned stator stage. The maps were gener-
ated from a 95 percent speed data-point near the operating line. The shaded portions in
each map indicate areas where either pressures were lower or temperatures were higher than
average. Comparing the pressure maps for the rotor and stator leading edges indicates that
after passing through the rotor the distorted area spread out and that radial gradients devel-
oped which were stronger than the circumferential gradients. The maximum value of the
distortion parameter, (Pmax -Pmin)/Pmax, increased from approximately 0.13 at the rotor
leading edge to 0.21 at the stator leading edge; however, the latter occurred only very
locally near the stator hub. The temperature contour map in Figure 44 also shows that the
steepest gradients were radial, with highest temperatures at the outer case in back of the
distortion screen. A comnarison of stator-inlet temperature and pressure maps (Figures 44
and 43) shows that the temperature distortion (region of higher than average temperature)
was displaced circumferentially in the direction of rotation relative to the pressure distor-
tion (region of lower than average pressure). A similar displacement pattern was evident in
test results reported in reference 12. Again the present rotor design, with past-axial turning
near the hub, could increase the radial gradients as previously discussed.

Performance With Casing Treatment

Casing treatments over the rotor tip were used to improve stall margin by increasing the
load capability of the rotor. Skewed-slot casings (Figure 8) were tested with the third fan-
configuration, and honeycomb casings (Figure 7) were tested with the second fan-
configuration. Vortex generators (Figure 9) also were tested with the second fan-configu-
ration, both in combination with the honeycomb casing and with the solid casing.

The skew-slot casing produced significant gains in stall margin with all three types of inlet-
flow distortions. Effects of the skewed-slot case with the third fan-configuration are shown
on Figures 45 through 48 which compare performance maps for each type of distortion
with solid and skewed-slot casings to baseline performance with uniform inlet flow and the
solid casing.

In Figure 45, performance with tip-radial distortion and solid casing is compared with per-
formance with a skewed-slot- casing. The skewed-slot casing increased stall margin by approx-
imately seven percentage points at all speeds. Efficiency was unchanged at 95 percent of
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design speed but dropped about 0.01 at lower speeds. Curves of pressure ratio versus flow
were unchanged except that they were extended to lower flows at stall. With distortion,
the stall line remained lower than with the uniform inlet flow, but the difference was small
at high speeds.

In Figure 46, performance maps with hub radially distorted inlet flow for the solid casing
are compared with the skewed-slot casing. Stall margin increased by 10 percent, but effi-
ciency at 95 percent of design speed decreased approximately 0.025. Figure 47 shows that
rotor-tip inlet velocity at stall was lower with the skewed-slot casing than with the solid
casing and that velocity levels at the tip were approximately the same at stall with tip-radial
and hub-radial distortions.

Figure 48 compares performance with circumferential distortions for solid and skewed-slot
casings. Stall margin improvements of 2.5, 7.5, and 14 percent were obtained at 95, 90, and
80 percent design speeds, respectively, with the skewed-slot casing. Efficiency was reduced
by 0.025 at 95 percent speed and 0.010 at 80 percent design speed.

Performance with uniform inlet flow for solid and skewed-solid casings is compared in Figure
49; all differences were small. The skewed-slot casing decreased stall margin at 95 and 100
percent of design speed, caused no change at 90 percent speed, and raised stall margin at 80
percent speed. The improvement in stall margin occurred where rotor stall occurred with the
solid casing, and no improvement occurred at higher speeds where the stator stalled. Ef-
ficiency was reduced approximately 0.015 at design speed and 0.010 at 95 and 80 percent
design speeds.

The combination of the honeycomb casing over the rotor tip and vortex generators provided
approximately the same improvement in stall margin as obtained with the skewed-slot casing
but the efficiency penalty was an unacceptable 0.070. The honeycomb alone gave slightly
less stall margin but the efficiency penalty stayed at 0.070. The vortex generators alone had
no effect on stall margin but reduced efficiency by 0.015. Tests with the honeycomb casing
and vortex generators are discussed in detail in reference 4.

Blade Element Performance

This portion of the report is devoted to a discussion of spanwise distributions of performance
parameters. Blade-element efficiency and pressure ratio are related to losses, deviation angles,
and loading parameters. Fan stall is correlated as a function of blade-element loading. Mini-
mum losses are correlated as a function of blade-element loading, and ranges of low-loss
incidence angles are presented.

Blade-element percents of span given in this report designate the percent span at which
design streamlines pass through the rotor trailing edge. These design streamlines pass other
blade edges at the percent spans given in Table V.
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TABLE V
SPANWISE LOCATIONS OF BLADE ELEMENTS (PERCENT FROM HUB)

Nominal Rotor Rotor Original Original Redesigned Redesigned
% Span Inlet Exit Stator Inlet Stator Exit Stator Inlet Exit

5 4.8 5 4.9 5.2 5.4 4.3

10 10.3 10 9.5 9.3 10.6 8.9

15 16.0 15 14.6 14.1 15.7 13.1

30 32.5 30 29.4 28.2 30.7 27.8

50 53.3 50 49.7 48.2 50.6 47.8

70 72.9 70 70.0 68.6 70.4 68.5

85 85.5 85 84.9 84.0 85.3 84.5

90 91.0 90 89.9 89.4 90.2 89.7

95 95.4 95 94.7 94.5 95.1 95.3

ROTOR

Spanwise distributions of total pressure and temperature ratios and efficiency at the exit of
the slotted rotor with the redesigned stator (third fan-configuration) for design-speed,
uniform inlet flow operating points are compared to the original design intent in Figure 50.
Solid symbols show the data from the operating line point with 15 percent stall margin.
Pressure ratio at the tip was generally lower than the design goal, reaching design level only
near stall. Temperature ratio followed the same trends except at open throttle where the
large drop in pressure ratio was not accompanied by an equivalent drop in temperature ratio.
The efficiency profile was essentially constant for all throttle settings from the selected
operating line to stall but dropped off at the tip at open throttle. Efficiency was higher
than the design estimate between 18 and 85 percent of span and below the estimate at both
endwalls.

Slotting the rotor changed the radial distribution of work as shown by spanwise profiles of
pressure ratio and efficiency at design speed (Figure 5 1). The total pressure ratio for the
slotted rotor was higher at the tip (region of slot) and lower at the hub than for the un-
slotted rotor for the same overall rotor pressure ratio; efficiency profiles were nearly
identical. At 80 percent of design speed (Figure 52), the slotted rotor also had a higher tip
pressure ratio but a lower midspan pressure ratio. Efficiency of the slotted rotor was 0.04
higher at the tip, tapered off to no change at 20 percent span from the hub, and was slightly
lower near the hub. The performance of the slotted rotor was affected slightly by the stator.
In Figure 53, spanwise distributions of rotor pressure ratio and efficiency obtained with
the third fan-configuration are compared with those obtained with the second fan-configura-
tion. The rotor pressure ratio at the hub and midspan was lower with the redesign stator
than with the original stator. Work (i.e., temperature rise) also decreased at the hub
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and at midspan so that efficiency was increased by approximately 0.03 at the hub. Wall
static pressures at the rotor exit and stator inlet also indicated a redistribution of flow
and/or work. As can be seen from Figure 54, overall radial gradients of static pressure at
both stator inlet and rotor exit were smaller with the redesigned stator than with the slotted
original-stator. This change in rotor performance was not predicted by the streamline pro-
gram at the time the stator was redesigned. The effect of these changes on rotor overall
performance was to increase efficiency slightly and to reduce pressure ratio slightly.

Spanwise distributions of slotted rotor incidence and deviation angles, loss coefficients, and
diffusion factor for the near-operating-line data point at design speed are compared to design
estimates in Figure 55. Rotor tip deviations exceeded the design estimate, which explains the
low pressure and temperature ratios at the tip shown in Figure 50. Midspan losses were
lower and endwall losses were higher than design estimates, supporting the efficiency profile
in Figure 50. Rotor incidences were slightly higher than the design estimate due to the
inability of the stage to attain design flow at design speed and pressure ratio. Performance
parameters of the rotor blade elements of the different rotor configurations are compared to
each other and to design estimates in the following sections.

Rotor Loss

The spanwise distributions of total-pressure loss coefficients, AY, for test points near the oper-
ating lines are compared in Figure 56 to the original loss estimate. Data are shown for all
three fan-configurations for tests at 80 and 100 percent of design speed. Essentially the same
loss distribution was obtained with all three configurations. Overall efficiency was predicted
with reasonable accuracy, indicating that radial integrations of test and predicted losses were
in much better agreement than individual blade element losses.

Predicted endwall loss increments were calculated for the design speed, operating line, data-
point using the method of reference 13. The endwall loss increments were added to the
"two-dimensional" losses (faired with the present data) to obtain the predicted losses in
endwall regions (Figure 56). The correlation was in better agreement with test endwall losses
than the predicted loss profile.

Plots of the loss parameter XU cos : 2 /2u versus diffusion factor, D, are compared in Figure 57
for both the unslotted and slotted rotor blade elements [ref. 3 and 5 ]. The correlation line
on each plot is parallel to the loss-parameter versus diffusion-factor curve given in reference
14 for hub and midspan blade elements, but all the levels have been readjusted for spanwise
position effects to fit the data on Figure 56. Figure 58(a) shows the reference 14 correlation,
and Figure 58(b) shows the spanwise position adjustment (relative to the hub and midspan
elements of reference 14) utilized for the lines on Figure 57. The level adjustment for prox-
imity to endwalls was the same in both hub and tip regions. Tip blade elements of this
rotor, Figure 57, had lower loss parameters than the band of tip data shown in Figure 58(a)
taken from reference 14. For midspan blade elements, a minimum value of loss parameter
of 0.002 is shown in Figure 57 for low values of diffusion factor.
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No significant difference in loss was seen at design speed between the slotted and unslotted
blades outboard of 70 percent span where slots were located (Figure 56). The slotted rotor
did have lower losses in the hub region. Similarly, the slotted rotor hub losses were lower
with the redesigned stator than with the slotted stator. The lower losses for the same blade
elements apparently accompanied the changes in spanwise distributions of work (Figures 51
and 52), but the mechanism causing the loss reduction has not been determined. These loss
reductions obtained by slotting raised rotor overall efficiency by approximately 0.003 at
design speed and 0.016 at 80 percent of design speed.

Rotor Loading

Figure 59 compares the predicted spanwise profile of diffusion factor, D, at design point
with the profiles obtained near the operating-line with 15 percent stall margin and near stall
at 80 and 100 percent of design speed. The design loading level was higher than the level at
which 15 percent stall margin was obtained. Maximum loadings occurred at the tip for both
speeds and throttle settings. A correlation was obtained between rotor stall and rotor loading
at 90 percent span from the hub for the third fan-configuration, as shown in Figure 60. The
rotor stalled whenever the D-factor at 90 percent span reached 0.63. Figure 61 shows similar
plots for tests with the unslotted and slotted rotor and stator. Rotor tip D-factor reached
0.645 at stall with unslotted blading and 0.63 with the slotted rotor, which indicates that
slotting reduced rotor loading capability. The loading limit of the slotted rotor was the same
when run with either the slotted or the redesigned stator.

Rotor Deviation

Rotor deviation angles at minimum-loss incidence for the three fan-configurations are com-
pared with the design values in Figure 62. The line drawn through the slotted rotor deviation
angles favors the data obtained in tests with the third fan-configuration because the best fan
performance was obtained with this configuration and because better agreement was found
between blade element data at all operating speeds than with the second fan-configuration.
The slotted portion of the slotted blade (outer 30 percent span) had a lower deviation than
the unslotted blade; however, the deviation was higher for the unslotted portion of the
slotted blade resulting in a net reduction in rotor work. The phenomenon causing these
changes has not been determined.

The design deviations were predicted using Carter's Rule plus an adjustment [ref. 2]. Devia-
tion angles were not predicted accurately, particularly near the tip where the rapid increase
in deviation outboard of 85 percent span was not anticipated. A better prediction was made
for the hub region where cascade data were used.

Rotor Incidence

Optimum incidence was considered to be the value at the center of the low-loss incidence
range, as defined on Figure 63, for 90 percent span. Optimum incidence angles versus span
for the slotted rotor (from tests from the third fan-configuration) and unslotted rotor
(from tests from the second fan-configuration) are compared at design speed to design values
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in Figure 64. Choking problems limited flow and resulted in high levels of optimum incidence
angles relative to design values. However, loss levels were not adversely affected by the high
incidence angles. Figure 65 presents plots of total-pressure-loss coefficient versus incidence
for slotted rotor blade elements (obtained with the third fan-configuration) at 10, 50, and 90
percent of span. Exact incidence alignment was not required for low loss at 10 and 50 per-
cent of span, but at 90 percent span, a supersonic relative flow region, alignment was more
critical due to diminished operating range. At high speeds, rotor choking limited negative
incidences and raised losses rapidly as the limits were approached. Losses increased more
slowly at high positive incidences where at high speeds the stator initiated stall, indicating
that additional channel area could have provided additional range at negative incidences.

STATOR

Spanwise distributions of redesigned-stator incidence and deviation angles, loss coefficient,
and diffusion factor for the near-operating-line data point at design speed are compared to re-
design estimates in Figure 66. Redesign estimates were made using 100 percent corrected de-
sign speed data from the second fan-configuration tests at a corrected weight flow of 179.7
lb/sec (80.502 kg/sec) [ref. 5]. The data were in good agreement with redesign estimates ex-
cept that incidence angles were one to three degrees lower, endwall region losses were higher,
and deviation angles lower than the estimated values. Both sets of incidence angles were taken
from streamline calculations in which blockages were adjusted to obtain agreement between
measured and calculated wall static pressures. Three percent more blockage was required for
the redesigned-stator calculations (from third fan-configuration tests) than for the original-
design stator (second fan-configuration tests). The effect of increased blockage was to reduce
incidence angles approximately 1.5 degrees.

Spanwise distributions of performance parameters for the unslotted and slotted original-
stator (both with suction) blade elements are compared to the original-design estimated in
Figure 67. The data presented are from design speed data points near the operating line,
which had the same stage-pressure-ratio. Incidence angles were different from those predicted
due to the unexpected radial distribution of flow from the rotor, but other parameters
were in reasonably good agreement with predictions. Slotting did not have a major effect
on stator performance. Incidence was increased because flow was reduced by rotor slots.
Loss near the hub increased slightly with slots despite the widened suction-slit but was un-
changed near the tip.

Stator Loss

Spanwise distributions of total-pressure loss coefficient, 55, are compared to the estimated
loss coefficients in Figure 68. Design speed and the 80.0 percent design speed operating-line
data are presented in the figure for the three fan-configurations; the coefficients for the first
and second fan-configurations are with slit-suction. All stators had low losses at midspan and
high losses near endwalls and were in reasonable agreement with the level and profile of
estimated losses.

Redesigned-stator losses were lower at midspan, consistent with reduced loading, but end-
wall losses were higher than those of the original stator. Increased endwall losses appear to be
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due to larger corner boundary layers with the longer-chord redesigned stator (a relationship
described in reference 13). Figure 69 presents contour maps of total pressure downstream of
original and redesigned stator tips, showing that the region of corner loss was larger and had
lower pressures for the redesigned stator.

Hub region losses of the original stator were reduced by boundary layer suction through
slits at the corners formed by stator suction surfaces and the hub wall (Figure 70). Tests of
the original stator were run with both suction and with the slits covered to show the effects
on loss. Profiles of co for the inner half-span showed significantly lower losses inboard of
30 percent span with corner-boundary-layer suction.

Endwall loss increments (calculated using the correlation of reference 13) are plotted in
Figure 68 for comparison with the data. The "two-dimensional" losses to which endwall
increments were added were extrapolated from the redesigned-stator midspan Xc profile.
Endwall agreement with data was reasonably good, but this method does not offer an
improvement over the loss parameter (UY cos :2/2a) versus D-factor correlation used to
estimate stator blade element losses. A correlation of X cos 32/20 versus D-factor for these
stator data is presented in Figure 71. All lines shown in Figure 71 are parallel to the corre-
lation given for stators in reference 14 with levels of X cos 032/20 adjusted for spanwise
position effects. Figure 72(a) shows the reference 14 correlation, and Figure 72 (b) shows
the spanwise level adjustments (relative to Figure 72(a)) utilized for the lines on Figure 71.
Level adjustments are symmetrical about midspan.

Tests showed that the loss-incidence relationship for the redesigned stator was not greatly
affected by stator setting angle. Figure 73 shows a single line passing through data points on
a plot of loss coefficient, near the tip, versus incidence angle for all stator settings. However,
spanwise distributions of loss did change with stator setting angle near stall, as shown by
Figure 74. Higher incidence angles with the stator opened five degrees gave much higher
losses near the tip. The high tip-losses decreased efficiency but forced flow toward the hub,
relieving hub loading and increasing stall margin (Figure 23).

Stator Loading

Stator loading was the critical parameter in determining fan stall at high speeds. The
loadings of the redesigned stator were reduced, relative to the original stator, and an
increase in stall margin of seven percent was obtained at design speed. The spanwise profiles
of D-factor for the slotted original-stator and the redesigned stator at design-speed test
points near the operating line (chosen for the redesigned stator fan-configuration) and near
stall are compared in Figure 75 to their predicted profiles. The D-factors for the slotted
original-stator near the operating line are near the predicted values and are only 0.005 to
0.020 lower than the D-factors near the stall line, which explains why the stall margins of
the original-stator fan-configurations were inadequate for practical applications. The
D-factors for the redesigned stator at near stall are at approximately the same levels as for
the slotted original-stator, but the predicted level and the actual level near the operating line
are 0.07 to 0.10 lower than at near stall. The increase in difference between the operating-
line and the stall loading levels permitted the redesigned stator fan-configuration to run at
lower flows and higher pressure ratios (Figure 19) before stalling.
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Fan stall at high speed was related to stator loading limits, as shown in Figures 60 and 61.
Figure 60 shows this correlation of limiting D-factors for the third fan-configuration (slotted-
rotor and redesigned stator), and Figure 61 shows a similar correlation for the first and
second fan-configurations. The limiting loading for the original stator with boundary-layer
suction through slits at the stator hub was 0.62. This was approximately the same limit
obtained with the redesigned stator which had a lower aspect ratio but no slit suction. The
limiting D-factor of the original stator without slit suction was 0.59, indicating that slit
suction raised the loading capability of the original stator and that reduced aspect ratio
raised the loading capability of the redesigned stator relative to the original stator. Mach
numbers at blade element leading edges for the data points, shown in Figures'60 and 61,
ranged from 0.52 to 1.18, indicating that in these tests the limiting loadings were indepen-
dent of Mach number.

The fan with the unslotted original-stator had a region of intermittent stalls at design speed
(Figure 19). Stator hub D-factors in this region ranged from 0.59 to 0.62. This instability
was not seen with the slotted stator which also had suction slits; however, its slits were twice
the width of those of the unslotted stator. When suction was not used with the slotted stator,
the stator stalled at a stator hub D-factor of 0.59, coinciding with the low stall-margin (high
flow) edge of the intermittent-stall region obtained with the unslotted stator with narrower
suction-slits. The improved stability of the slotted stator is believed to be the result of the
wider suction-slits and not of the airfoil slots as reported in reference 4. Slit flow was not
measured accurately in the unslotted stator (narrow slit) test; therefore, the flow difference
between the wide and narrow slits is unknown. Total flow through the wider suction slits
was 0.22 percent of the total fan flow at the near-stall, design-speed test point. It was esti-
mated that the narrow slit had between 40 and 50 percent of the flow capacity of the
wider slit.

Tests with the redesigned stator reset open and closed (increasing and decreasing incidence
angles respectively) showed that maximum stator loading increased for lower incidence
angles. Figure 76 shows that the limiting stator D-factor, at 10 percent span from the hub,
increased for the low incidence angles obtained with the stator closed 10 degrees. When the
stator was opened 5 degrees, the loading shifted toward the tip. This redistribution gave a
more uniform level of loading across the span (Figure 77), decreasing loading in the pre-
viously critical hub-region. It was not determined whether limiting loadings occurred at the
hub or at the tip of the opened stator.

Stator Deviation

Measured stator deviation-angles at minimum stator loss are compared with design predic-
tions in Figure 78. Measured and predicted values are shown as functions of spanwise posi-
tions for both the original and redesigned stators. Deviation angles of the original stator were
based on Carter's rule plus adjustments for spanwise position [ref. 2], and deviation angles
of the redesigned stator were predicted based on P&WA's cascade data correlations with
adjustments; original adjustments were based on reference 6 data, and redesign adjustments
were based on reference 4 data.
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Tip deviations for the redesigned stator were about seven degrees lower than for the original
stator. A five-degree difference was predicted due to the chordwise movement of the
maximum-camber location in the redesigned stator tip. Agreement between predicted and
test deviations was good for both stator configurations except at five percent span, where
measured angles were four to six degrees lower than predicted. For the redesigned stator,
deviation angles for hub-region blade elements (5, 10, and 15 percent of span) were highest
near optimum incidence and decreased rapidly as incidence was increased, Figure 79(a).
Deviation angles for midspan and tip-blade-elements changed very little, increasing slightly
with increasing incidence, Figure 79(b). Similar trends in the deviation-incidence relation-
ship were seen in the original-stator data [ref. 4 and 3].

Stator Incidence

Optimum-incidence angles for the redesigned stator were one to two degrees lower than de-
sign incidence angles (Figure 80). The design-speed operating-line incidence angles were
within the low-loss range of stator blade elements, as shown in Figure 81 by plots of loss-
coefficient versus incidence-angle. Range (defined on Figure 63) was correlated as a function
of inlet Mach number (Figure 82). The greatest range was obtained near the tip and least
range at the hub. Range decreased with increasing Mach number for all blade elements.
Similar trends in range were found in the original-stator data at low speeds, but stalls at high
speed, due to the locally high loading at the stator hub, prevented defining the high-
incidence sides of most blade-element-loss versus incidence-angle curves.

ACOUSTIC TEST RESULTS

Selected noise-data for the various rotor-stator configurations are compared in this section.
Blade-passing-frequency noise is discussed for the slotted rotor with both the 64 and 50 vane
stators. Broadband noise comparisons are shown for a slotted rotor with the 50 vane stator
in the nominal and the 10 degrees closed positions. Supersonic fan-noise at high fan-speeds
is presented for both the unslotted and slotted rotors. Sample spectra obtained from mea-
surements with the dynamic pressure probe downstream of the stator are also presented.

Blade-Passing-Frequency Noise

A comparison of time-averaged blade-passing-frequency noise from the 64 and 50 vane stator
cascades is presented in Figure 83. As previously discussed, interaction noise theory does
not predict any significant difference in noise level radiated from the inlet of these two
stator cascades. The data show similar trends existing for both stators as rotor blade tip
relative Mach number is increased. The wide-open-throttle operating-line was selected as the
basis for this comparison because of the closer matching in rotor overall pressure ratio
between the two configurations than was true for part-throttle data points.

Two different types of fan-tip case treatment were tested, one consisting of open honeycomb
cells and the other of skewed slots. The design and location of both these treatments were
based on aerodynamic-performance considerations rather than acoustic considerations.
Figure 84 presents the time-averaged levels of inlet blade-passing-frequency noise for both
types of tip treatment with the fan operating along a part-throttle operating-line. The
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part-throttle line comparison was chosen here because of the proximity of the part-throttle
line to an actual engine operating line. Although large differences in aerodynamic perfor-
mance were noted, up to seven points in fan efficiency, essentially no difference was seen in
blade-passing-frequency noise.

Effects on blade-passing-frequency noise of changing the stator angle by 10 degrees is shown
in Figure 85. The configuration tested was the slotted rotor with the redesigned stator
(third fan-configuration) in the nominal and 10 degree closed position. Altering the stator
angle showed only insignificant differences in inlet discrete-tone-noise.

Broadband Noise

Total broadband sound power level versus blade tip relative Mach number is shown in Figure
86 for the slotted rotor with the redesigned stator in its nominal and 10 degrees closed set-
tings at part throttle. Typical one-third octave band sound pressure levels are shown in
Figure 87. The fact that no major changes in noise levels can be seen in the plotted data
suggests that the controlling source of broadband noise for this fan stage was not the stator.
The broadband noise level remained fairly constant with increased blade tip relative Mach
number for all the configurations tested in this program. However, other fans tested pre-
viously in other programs in this same facility had shown broadband noise levels increasing
at about the fifth power of tip relative Mach number. The reason for this difference has
not been determined. Although these other fans were designed for higher fan tip speeds,
they operated off-design at speeds within the range of the 1000 ft/sec (3048 m/sec) fan
tested under this program.

Supersonic Fan-Noise

Supersonic fan-noise existed only at 105 and 110 percent of design speed on this fan rig.
Sound pressure level for this type of noise was calculated by summing the sound pressure
levels of discrete frequency tones below blade-passing-frequency at integral multiples of
shaft rotational speeds. Supersonic fan-noise is generated due to the presence of shock
waves originating at the leading edge of each blade. Geometric differences between indivi-
dual blades, well within manufacturing tolerances, affect this type of noise. Because super-
sonic fan-noise is associated only with the rotor and because this type of noise only propa-
gates upstream, the changes made in the stator during this program had no effect on the
supersonic fan-noise, as can be seen, for example, in Figure 68 of reference 5. The repre-
sentative plot in Figure 88 (of this report) shows that there was a significant increase in
noise level when supersonic fan-noise was present in the noise spectra. Points plotted below
Mach number 1.1 are not tone levels but reflect broadband noise content below blade-
passing-frequency; those above Mach 1.1 are predominantly influenced by discrete tones
at harmonics of shaft speed. This trend is typical of all fans operating in the transonic Mach
number range.
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Downstream Spectra

Fan discharge blade-passing-frequency noise levels were sampled for a number of configura-
tions by means of a 1/4-inch diameter dynamic pressure transducer which was traversable in
the radial direction in a plane approximately one-inch downstream of the stator trailing edge.

Spectral plots (50-Hz bandwidth) show that the ratio of blade-passing-frequency level to
background level was sufficient to allow sound pressure level of the tones to be obtained at
speeds below 100 percent design speed. Figure 89 shows data from the first fan-configuration,
which also is typical of the data from the other configurations [ref. 4 and 5 ] .

The time-averaged blade-passing-frequency noise level for the first fan-configuration is pre-
sented in Figure 90. Noise level is plotted as function of blade tip relative Mach number along
the part-throttle operating line. Directly comparable measurements were not obtained for
the other fan configurations; however, measurements were obtained for the third fan-con-
figuration (slotted rotor and redesigned stator) with the stator closed 10 degrees. Figure 90
shows that trends of blade-passing-frequency noise versus rotor Mach number were similar
for these two tests.

Fan generated broadband noise measured with the downstream microphone was not eval-
uated because of the level of wind noise in the high velocity airstream. Supersonic fan-noise
propagates only from the inlet, and the telltale discrete tones at multiples of shaft speed are
absent from the 105 percent design speed spectra of Figure 89.
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SUMMARY OF RESULTS

The aerodynamic performance and noise levels of three low-tip-speed, low-noise fan-
configurations were determined: 1) unslotted rotor and unslotted stator, 2) slotted rotor
and slotted stator, and 3) slotted rotor and redesigned stator (unslotted). The significant re-
sults obtained from the testing of these three fan-configurations are summarized below.

1. The third fan-configuration at design speed and a 15 percent stall margin demon-
strated a stage and rotor adiabatic efficiency of 0.883 and 0.936, respectively,
which exceeded design efficiency goals. Measured total-pressure and loss-
coefficients for the rotor and stator were lower than design estimates at the
midspan but were higher near endwalls; spanwise averages were reasonably close
to design.

2. Stalls occurred when blade loading limits were encountered. Rotor tip loading
determined stall at low speed, and stator hub loading determined stall at high
speed (above 80 percent of design speed). Strain-gages were employed in deter-
mining which blade row initiated stall. The redesigned stator, which had a lower
loading than the original stator, provided the fan stage with an additional seven
percent in stall margin. The lower loadings were obtained by increasing the axial
velocity at the stator exit.

3. Stable rotor-operation was obtained over a wide range of operation despite the
large past-axial relative flow-angle at the hub.

4. Flow was 97.5 percent of design flow at near design pressure ratios and effi-
ciencies because channels between rotor blades had insufficient area and because
rotor tip deviation angles exceeded the design estimates. The rotor limited the
maximum flow capacity except when the stator vanes were reset closed relative
to their design chord angle.

5. Slotting increased part-speed efficiency but reduced flow capacity at high speeds.
Slots did not increase blade loading limits.

6. Boundary layer suction through slits at intersections of stator suction surfaces
and the hub wall reduced losses inboard of 30 percent of span. Suction also
raised the stator loading limit.

7. Radial distributions of pressure and temperature ratios agreed with design esti-
mates near stall. At a throttle setting that gave adequate stall margin, midspan
and tip work levels were lower than design levels.

8. Tip-radial, hub-radial, and circumferential distortions substantially influenced
fan performance. Tip-radial distortion reduced stall margin, particularly at part-
speed where rotor loading determined stall. The circumferential distortion had
little effect on stall margin, and hub-radial distortion raised stall margin. Axial,
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radially skewed slots in the casing over the rotor tip raised stall margin with all
three types of distortion. A honeycomb casing over the rotor tip also improved
stall margin with distorted inlet flows, but the efficiency penalties were
unacceptable.

9. All configurations tested showed that blade-passing frequency noise levels
increased with increased blade tip relative Mach number. Reducing the number of
vanes from 64 to 50, the addition of slots to the blades, or the blade tip casing
treatment of open honeycomb cells or skewed slots had no substantial effect
on inlet noise.

10. Broadband noise was relatively constant over the range of speeds and flows tested.
This lack of variation with speed had not been noted previously for a wide range
of fan designs tested in this and other facilities.

11. No supersonic fan-noise was measured below 105 percent of design speed. This
type of fan noise was not affected significantly by blade slots, stator design, or
stator setting angle.
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Figure 10 Inlet Configuration for Performance Testing 

Figure 11 Inlet Configuration for Noise Testing 
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Figure 32 Total Pressure Contour Map at Rotor Leading Edge With Circumferentially
Distorted Inlet Flow at 95% Design Speed and 93.7% Design Flow for Slotted-
Rotor, Redesigned Stator Configuration
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Figure 45 Effect of Skewed-Slot Casing Over Rotor Tip on Fan Overall Performance With
Tip-Radial Distortion for Slotted-Rotor, Redesigned-Stator Fan-Configuration
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Figure 46 Effects of Skewed-Slot Casing Over Rotor Tip on Fan Overall Performance With
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APPENDIX 1

NOMENCLATURE

A. Symbols:

a - distance to maximum camber point from leading edge

A - area

A* - critical area where M = 1

C - chord length.on flow surface

D - diffusion factor

dB - decibel

gc - conversion factor, 32.17 Ibm ft/lb sec2

is - incidence angle, angle between inlet air direction and line tangent to blade
suction surface at leading edge, degrees

J - conversion factor, 778.26 ft lb = 1 BTU

M - Mach number

N - rotor speed, rpm

P - total pressure

p - static pressure

R - gas constant for air, ft lb/lb/m °R

r - radius

AS - entropy increase

T - total temperature

U - rotor speed

V - air velocity

Vr - radial air velocity

Vz - axial air velocity

Vm - meridional air velocity, (Vr2 + VZ2)/2

V0 - tangential component of air velocity (V2 - Vm2 )/2

W - weight flow

ao - Conical surface angle approximating a streamline of revolution as measured
from the axial direction, degrees

/3z - absolute air angle [ cot
-

(Vz/Vo)], degrees

Preceding page blank 1
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APPENDIX 1

NOMENCLATURE (Cont'd)

p - absolute air angle [cot- 1 (Vm/Vo)], degrees

3'0 - relative air angle [cot-l(Vz/V O)I, degrees

13' - relative air angle [cot-
1 (Vm/V ')], degrees

13* - metal angle on conical surface between tangent to mean camber line and
axial direction at leading and trailing edge, degrees

Y - ratio of specific heats for air, 1.4

6 - ratio of inlet total pressure to standard pressure of 2116 lb/ft2

6 - deviation angle, angle between exit direction and tangent to blade mean
camber line at trailing edge, degrees

e - angle between tangent to streamline projected on meriodional plane and
axial direction, degrees

7r - efficiency

- blade camber angle, difference between blade metal angle at leading and
trailing edge on conical surface, degrees

o - ratio of inlet total temperature to standard temperature of 518.7°R (288.80 K)

ao - solidity, ratio of chord to spacing

C - total pressure loss coefficient

W - angular velocity of rotor, radians/sec

B. Superscripts:

- relative to moving blades

* - designates blade metal angle

C. Subscripts:

ad - adiabatic

m - meridional direction (vector sum of axial and radial components)

s - suction surface

tip - at rotor tip diameter
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APPENDIX 1

NOMENCLATURE (Cont'd)

z - axial direction

O - plefium chamber

4 - instrument plane upstream of rotor

5 - station at rotor inlet

6 - station at rotor exit

11 - station at stator leading edge

12 - station at stator trailing edge
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APPENDIX 1

PERFORMANCE PARAMETER DEFINITIONS

a) Relative total temperature

T'5 = t5 1

T' 6 = T' 5 +

+
2 (rotor in)

(rotor out)2Y
y -1 Rgc
y -1

b) Diffusion factor

VI'

D = 1 - 6
V' 5

V12
D = 1 -

VlV 11

c) Loss coefficient

z =

P'5 [T 

+

r V - r V6606 5 05

(r 5 + r 6)o V' 5

rllV 1 1 - r 12 V 012

(rll + r12)a V11

-1
-y -1

5 P 5

_ 11 12p =

11 - Pll

6
(rotor)

(stator)

(rotor)

(stator)
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APPENDIX 1

PERFORMANCE PARAMETER DEFINITIONS (Cont'd)

d) Total-pressure recovery [ref. 15]

-(J/R) AS P6/P5
Recovery = e = (rotor)

(T6 /T5 ) 7/I-1

-(J/R) AS
e = P1 2 /PI I (stator)

e) Adiabatic efficiency

[P6] Y -1

77 ad =

6T 61 (rotor)

_Y e-1

'ad -_L- (stage)
T 121

113



APPENDIX 1

PERFORMANCE PARAMETER DEFINITIONS (Cont'd)

f) Stall margin

x

P1 2

P5

at reference
point

For absolute values of stall margin, the reference is generally an operating point near peak
efficiency.

g) Velocity diagram
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